Polymer blend nanocomposites based on polylactic acid (PLA) were prepared via simple melt blending and investigated for its biodegradation behavior. The CNTs were surface-modified using acid treatment, and characterizations of composites were done using FTIR. FTIR spectra confirmed the surface modification of CNTs. The water uptake and weight loss behavior in hydrolytic analysis of CNT and m-CNT nanocomposites at different temperatures (25 and 45 °C) were studied. It was found that the water absorption and weight loss of nanocomposites increase by incorporation of CNTs and m-CNTs up to 2% for all samples, with and without PEG loading. In sample PLA/CNTs, 2% CNTs loading shows 1.18% water uptake at 25 °C and increases to 1.95% at 45 °C water immersion, whereas, in PLA/m-CNT nanocomposites, the water uptake reduces at 1.16% at 25 °C and 1.50% at 45 °C of analysis. In the meanwhile, the weight loss of 2% CNTs loading in PLA shows 2.88% at 25 °C and 6.28% at 45 °C, and for m-CNTs loading, the weight loss exhibits 2.09% at 25 °C and 5.29% at 45 °C. This proved the modified CNTs be able to retard the ability of nanocomposites degradation. The effect of plasticizer addition in nanocomposites was studied by loading 5 and 10% PEG. As expected, the inclusion of PEG enhanced the rate of degradation in both hydrolytic and soil burial studies. For the same amount of 2% CNTs inclusions and 10% PEG, at 45 C, the water uptake shows 5.56% as compared with 5% PEG loading, only 3.1% water uptake is shown. In soil burial test, the weight loss also increases with the addition of nanofiller. PLA/m-CNTs show lower weight loss which is only 4.50% and around 7.02% for PLA/CNTs nanocomposite. In the other hand, 10% PEG loading shows an increase in the weight loss in both CNT and m-CNT nanocomposites. Results from this study demonstrate that the inclusion of CNTs and m-CNTs into polymer matrix could increase the environmental persistence of polymers in lakes, landfills and surface waters.
Introduction
Global concern about environmental impacts of polymers has changed consumer preferences and led producers to decrease the use of plastics derived from petroleum-based materials. Poly(lactic acid) (PLA) is offering several smart features that make it highly competitive with conventional non-biodegradable materials due to its lower environmental footprint and additional superiority such as good mechanical properties and the processability by standard techniques [1] . However, PLA has some shortcomings such as low solvent resistance, moderate barrier properties, brittleness and low thermal stability [2] . Several approaches have been used to enhance PLA properties and to expand its applications recently. Some of these improvements have been achieved by the addition of fillers such as natural nanoclays [3, 4] , CNT [5] [6] [7] or other carbon-based materials [8] [9] [10] .
Although biocomposites offer superior properties in mechanical and thermal, the problems associated with biocomposites/bioplastics are its degradation behavior in the presence of moisture, temperature, sunlight and microbial attack which restricts its increased use in industrial applications. The existence of nanoparticles in the polymer can increase the amount of water in the matrix accelerating the cleavage of the ester bonds on the main chain of polymer [2, 11] . By immersion in water, PLA experiences important physical modifications: water plasticizes and swells the material, its glass transition temperature is lowered and mobility and thus crystallization kinetics is augmented. On a longer timescale, the hydrolysis reduces the molecular weight, thus the physical and mechanical properties [12] . The hydrolytic degradation, above all, has been variously studied, and the main factors affecting this phenomenon are quite well defined [12] [13] [14] [15] . On checking the literature, surprisingly, it can be noticed that when temperatures close to the glass transition of PLA are studied, the effects of water are mostly assessed at times when the hydrolysis already induced significant changes in the material, namely after a few days or weeks [14, 16] . Obviously, this makes it difficult to understand to which extent other phenomena which take place inside the material such as opacification, crystallinity evolution or vice versa can develop independently [16, 17] . Microbial degradation of PLA should be studied for packaging of foods containing microorganisms including lactic acid bacteria and fungi for their probable abilities of PLA degradation [18, 19] . Several studies have been reported on soil degradation of PLA composites such as blending with natural filler and carbon-based materials [20, 21] . It has been reported that polymer degradation rates could be controlled by blending with additives, plasticizers and often inorganic fillers. Indeed, several research works have reported on the biodegradation or hydrolytic degradation of different aliphatic polyesters, due to the hydrophilicity of the nanoparticles. However, other works reported the nanofillers can be able to retard the degradation of the polyesters chain, attributing this effect to the enhanced barrier properties of nanocomposites. Therefore, the complete understanding of the nanoparticles effect on the polymer biodegradation mechanism involved is still incomplete. Research on studies related to degradation behavior of biocomposites in different environmental conditions is increasing, indicating that it is currently a very relevant research project.
Polymer Bulletin (2019) 76: [1453] [1454] [1455] [1456] [1457] [1458] [1459] [1460] [1461] [1462] [1463] [1464] [1465] [1466] [1467] [1468] [1469] This work aims at studying the water sorption and weight loss within given time and at different temperatures, in order to analyze the phenomenon taking place in PLA in the presence of water. Also, the effect of surface modification of CNTs and PEG loading is the viewpoints need to be covered in this study. Besides, the trend in weight loss after soil burial in 180 days will be focused. The effect of different PEG loadings in PLA nanocomposites on water absorption and soil burial is not discussed in other works yet. Thus, slightly, it could be an interesting finding that can be able to contribute to plastic disposal issue.
Materials and methods

Chemicals and raw materials
Industrial grade multi-wall carbon nanotubes (CNTs) with > 90 wt% purity and ash < 1.5 wt% were supplied by Global Science Resources. Their main characteristic is outer diameter close to 20-40 nm and length between 10-30 µm. PLA was provided from NatureWorks with grade 3251D, while poly(ethylene glycol) PEG with average molecular mass 950-1050 g mol −1 , H 2 SO 4 95-97% and HNO 3 65% was supplied by Merck KGaA.
Preparation of modified CNT (m-CNT)
CNTs powder was modified by acid treatment. Ten grams of CNTs was immersed in 20% nitric acid (HNO 3 ) to remove impurities. This carboxylic group was used as reaction precursor in the functionalization. The mixtures of CNTs and HNO 3 were stirred in a few minutes and were sonicated for 2 h, then diluted in water, filtered till to neutral pH, washed several times with deionised water and then dried overnight in oven at 60 °C. The dried mixtures of CNTs were mixed together with pure 50 mL HNO 3 and 150 mL sulfuric acid (H 2 SO 4 ) to reflux for 100 min. Finally, the CNTs were again filtered to neutral pH, washed several times with deionised water and then dried overnight in oven vacuum at 60 °C before it was ready to be used in preparation of melt blending with polymer matrix.
Preparation of nanocomposites
PLA nanocomposites were prepared by melt-blending process. The PLA/CNTs and PLA/m-CNTs with weight ratios of 99.5/0.5, 99.0/1.0, 98.5/1.5 and 98.0/2.0% were incorporated. A Benchtop Two-Roll Mill (LRM-M-100) was used to disperse conductive filler in the polymer matrix. The 5 PEG and 10% PEG were loaded during compounding in order to study the effect of plasticizer on degradation properties. Blending process was carried out at 4 rpm for 20 min and at 180 °C, slightly above the melting point of PLA.
Characterization of nanocomposites
Fourier transmission infrared spectroscopy (FTIR) analysis was carried out by using a Perkin-Elmer Model FTIR spectrometer and KBr method. The transmission of infrared spectra was obtained in the range between 400 and 4000 cm −1 at room temperature. The spectra of the blends were used to determine the types of bonding in the blends.
Water sorption and weight loss test
After weighing, the same samples were dried in oven at 60 °C to eliminate moisture. Then, the samples were weighed and the weight loss was recorded as in Eq. 2. The samples were returned into water bath, and the same procedure was repeated till 28-day immersion was completed.
Biodegradation test
The blended samples were buried under loamy sand-type soil that proceeded in housing area. The 10 square-shaped samples were buried in the loamy sand at a depth of 15 cm, for 6 months. After 30, 60, 90, 120, 150 and 180 days of incubation, samples were cleaned by washing in distilled water, drained on tissue paper and then dried to a constant weight in oven. The progress of nanocomposites degradation was estimated by weight loss in the samples during the experiments performed.
Result and discussion
FTIR analysis
The method used to functionalize the pristine CNTs in this study was the acid treatment method which is described in methodology part. Through this process, CNTs were oxidized and purified by elimination impurities such as carbon and metal catalysts. The characteristic bands due to generated functional groups observed in the spectrum of pure CNTs and surface-treated CNTs are shown in Fig. 1 . The acidtreated CNTs show new peaks in comparison with FTIR spectrum of the untreated CNTs which lack hydroxyl and carbonyl groups. The peak at 3767 cm −1 is attributed to free hydroxyl groups. The peaks around 3467, 2899 and 1382 cm −1 are assigned to the O-H band of carboxylic acid group, and the peak at 1648 cm −1 is assigned to the C=O band for asymmetric carboxyl groups, demonstrating that there has been introduction of hydroxyl and carboxyl groups on the nanotube surface. This peak
also may link to aromatic C=C stretches, which explains the appearance in both pure and modified CNTs. In addition, peak appeared at around 1106 cm −1 , apparently corresponding to the stretching mode C-O functional group of carboxylic acid. All new peaks appeared in m-CNTs confirmed the modification of CNTs. Figure 2 shows the water absorption behavior for nanocomposites with unmodified CNTs and modified CNTs at different temperatures. The neat PLA indicates hydrophobicity behavior by absorbing minimum water for both at 25 and 45 °C. As PLA consists of a hydroxyl group-based polyester, once hydrolysis of a PLA chain occurred, the two nearly formed chains consisting of a COOH group at the end and an OH group at the other end. Obviously, by the addition of filler loading in all nanocomposites, an arising in water sorption trend can be observed. The hydrophilicity of CNTs is proven by higher water uptake in PLA/CNTs as compared with neat PLA after 28 days as shown in Fig. 2a . This parallels to Fickian diffusion behavior. In Fick's law principal, the concentration gradient is the driving force for diffusion and amount of the component diffused in function of time [22] . Basically, the water uptake of polymer is determined by two theories: (i) the free volume theory (controlled by the moisture diffusion through substrates) and (ii) the interaction theory which is controlled by chemical bonding, e.g., H-bond at the polar site [22, 23] . These nanoparticles absorb water due to the presence of hydroxyl groups which absorb water through the formation of hydrogen bonding [24, 25] . The water uptake for immersion at 45 °C is higher than immersion at room temperature which it reaches to 1.951% for 2.0% CNTs loading as compared at 25 °C, the water uptake is only 1.18%. Higher temperature seems to accelerate the moisture uptake behavior. The reason of the observation is at higher temperature, as the diffusion process is successfully achieved when water molecules gain higher energy. Other studies have also reported a similar trend for aging of polymer composites at elevated temperature [26, 27] . Day et al. reported that when PLA is exposed to temperatures above 50 °C, fundamental microstructure changes occur and hydrolysis starts [28] .
Water sorption of nanocomposites
Chemical surface modification can alter polarity and surface tension of the fiber. Hence, this would improve interfacial bonding and decrease the moisture absorption [22] . This is proven by values of water uptake shown by m-CNT nanocomposites in CNTs using strong acid and exhibits many intriguing properties due to its special chemical structures. There are many oxygen-containing groups on the surface and/ or edges of the m-CNTs, including carboxyl, hydroxyl and epoxy groups. The number of oxygen-containing groups is related to the degree of oxidation which endows m-CNTs with good dispersion and high stability in water solution [28] . This finding is contrary to that reported by Duan et al. [29] . In investigation of PLLA/GO nanocomposites, the researchers noticed the more the GO in the composites, the higher degree of hydrolytic degradation of samples is. This, due to oxygen-containing groups in GO platelets, gave excellent hydrophilic characteristics, which brings faster degradation.
In general, the presence of plasticizer improves the dispersion of nanofiller in matrix and increases the homogeneity [30] . Consequently, the addition of plasticizer in nanocomposites purposely enhances the flexibility and thereby overcomes the brittleness problem. Figures 3 and 4 show the effect of plasticizer on weight gain of nanocomposites. Obviously, the swelling rate of samples with 10% of PEG loading is higher compared with 5% of PEG loading. The PEG hydrophilicity in nanocomposites has a positive impact on accelerating the rate degradation as proven by weight loss values of 2.0% nanofiller where 10% PEG loading has the highest value of 5.56% for untreated CNTs while 4.49% for m-CNT nanocomposites. After 28 days of immersion at 25 °C, weight gain of 5% PEG nanocomposites increases up to 1.800, 2.001, 2.030 and 2.981% for CNTs loading 0.5, 1.0, 1.5 and 2.0%, respectively. In the meanwhile, at 45 °C, the amount of water sorption shows slight increment as compared with 25 °C immersion condition. The same trend is shown for 10% PEG loading at both temperatures of studies. Fukushima in 2013 investigated hydrolytic degradation of polylactide-based materials in two different temperatures (37 and 58 °C) [31] . They conclude that the higher degree of degradation was obtained by increasing the temperature to 58 °C.
From Figs. 2, 3 and 4, it can be well said that, by increasing the nanofiller loading, the water uptake arises in parallel trend. Degradation rates can be controlled by blending of PLA with additives, plasticizers and often inorganic fillers. Effect of temperatures on hydrolytic degradation rate becomes one of the factors due to chain altering that can cause to chain scission of nanocomposites.
Weight loss of nanocomposites
Among all different environmental factors, moisture and temperature are the most important. Studies have revealed that when polymer composites are subjected to a combination of both temperature and moisture, it results in a more aggressive and adverse effect on the properties of nanocomposites. Figure 5 represents the weight loss of the neat PLA and varying of CNTs and m-CNTs % in the PLA nanocomposites as a function of time. It can be observed that PLA degradation in all composites has been increased with time (days). At higher temperature (45 °C), the weight loss increases to 6.28% as compared with at 25 °C, only 2.88% weight loss is shown. The chain scission during water immersion brings weight loss of nanocomposites. The hygrothermal degradation studies showed that continuous exposure to water at high temperatures increased the hydrolytic degradation of PLA, similar to Balakrishnan et al. finding [32] . They studied the hydrolytic degradation of PLA/MMT toughened with LLDPE at room temperature, 60 and 90 °C. The hygrothermal degradation studies showed that the PLA degrades much faster at 90 °C as compared to 60 °C. This phenomenon limits the PLA's application to substitute other petroleumbased conventional plastics such as polyethylene and polypropylene which are able to withstand hygrothermal aging [33] .
The common methods to protect biocomposites from water uptake and weight loss include the use of chemical treatment on fibers or resin and biobased coatings Fig. 3 Water sorption trend in 28-day observation for a 5% PEG and b 10% PEG loading in PLA/CNT nanocomposites on composite surfaces [34] . It is interesting to note that the addition of m-CNT decreased the degradation of PLA proved by decreasing the weight loss as shown in Fig. 5b . Nanocomposite with 2% m-CNTs shows the decrease in weight loss in both temperatures around 5.29% at 45 °C and 2.09% at 25 °C. The interface between PLA and m-CNTs was supposed to be better than that of the untreated CNTs. Therefore, it was more difficult to degrade PLA/m-CNTs than PLA/CNT samples. Li et al. in 2016 concluded that the degradation rate of most of the PLA/ CNT composites was faster than that of neat PLA, indicating that the interface between the particle and the PLA matrix was not perfect. Meanwhile, they found that the degradation rate of PLA reinforced with multi-walled carbon nanotubes became slower due to increased crystallinity and PLA/m-CNTs showed lower degradation rates compared with untreated CNT nanocomposites [35] .
The PEG hydrophilicity in the nanocomposites has a positive impact on accelerating the rate of degradation. The trend can be seen in the weight loss values of PEG nanocomposites in both treated and untreated CNTs. As shown in Fig. 6a, b , in untreated CNT nanocomposites, the studies for all ratios and both at room temperature and 45 °C, the weight loss values for 10% PEG loading increase more than doubled compares with 5% PEG loading. The same trend also is shown in m-CNT nanocomposites. As in water absorption, the highest nanofiller loading exhibits maximum degradation proved by the highest weight loss value. This can be explained as the hydrolysis process of the ester bonds assisted in inducing the drop in weight loss [36] . A study in PLA/PEG weight loss after 25-day hydrolytic degradation in NaHNO 3 /NaOH buffer solution was reported by Choi and coworkers [37] . The researchers reported that about 3.9% of weight loss was observed when 10% PEG was loaded, and the rate of degradation rapidly increased when the PEG content was above 20%. In general, several factors such as the presence of crystalline phase, the glass transition temperature of the amorphous phase and the hydrophilicity influence the degradation rate [37] (Fig. 7) . 
Weight loss in soil degradation
Basically, the biological attack on polymer composite materials consists of fungal growth or soil burial. Fungal growth is only possible in moist conditions, and mechanical properties are affected after long-term exposure to microorganisms. The degradation of polymer composites due to biological factors depends on the chemistry of the composites and salinity or acidity of soils. Soil burial test was performed to investigate the effect of ambient environment (TATIUC, Malaysia campus) on the samples, without the use of enzymatic and composting materials. The most interesting and exciting aspect of this research is the significant improvement of biodegradability of neat PLA after nanocomposites preparation. The degradation of PLA under compost is a complex process involving four main phenomena, namely water absorption, ester cleavage and formation of oligomer fragments, solubilization of oligomer fragments, and finally diffusion of soluble oligomers by bacteria [38] . Therefore, the factor, which increases the hydrolysis tendency of neat PLA, ultimately controls the degradation of PLA. The % weight loss of PLA/CNT and PLA/m-CNT nanocomposites after soil burial is presented in Fig. 8 . It can be observed that the presence of m-CNTs has retarded the biodegradation of PLA where around 4.50% weight loss was shown as compared to 7.05% for CNT nanocomposite. As discussed earlier in water absorption analysis, the presence of m-CNTs increased the hydrophobicity of PLA leading to improved water resistivity that leads to the slow biodegradation. This shows that the introduction of modified CNTs nanofiller improves the stability of PLA toward microbial attack during composting. The neat PLA shows least degradation which was only 0.043% weight loss after 6 months as compared to PLA nanocomposites. However, a contrary phenomenon was observed by Wu et al. [39] , where they found that the degradation rate of neat PLA was higher than PLA nanocomposites. This indicates that the presence of CNTs could retard the degradation of PLA.
As can be seen in both Figs. 9 and 10, nanocomposites with 10% PEG degraded slightly faster than 5% PEG nanocomposites by comparing curves (a) and (b). When hydrophilic PEG was added, the degradation rate increases higher than nanocomposites without PEG loading. The environmental degradation rate grew simultaneously with the increasing CNT and PEG contents. Because of the hydrophobic nature of PLA, it was difficult for water to penetrate into the materials. But the excellent water solubility and hydrophilic characters of PEG in blends could help absorb and keep the water. During the soil burial analysis, both PLA and CNTs would carry out hydrolysis reaction, so the linear chains would break down at the ester bond and finally result in decrease in molecular weight and mass loss. It has also been studied that the percentage of weight loss was increased with the increase in time period. It was well agreed with the conclusion and mechanism reported by Li et al. [40] . Wang et al. [41] found the similar result. The degradation rate increased isochronously with the increasing PHBV content in the blends. That is because of the better degradation properties of PHBV than that of PDLLA or a synergistic effect existed during the hydrolysis reaction. Similar results were also reported by Parra et al. [42] , who believed that increasing concentration of plasticizers reduced the interaction between the chains of PHB and PEG in the blends, thereby accelerating biodegradation. In addition, instead of improving the dispersion ability in PLA matrix, modified CNTs also have excellence in retarding the degradation behavior which needed in long-lived materials application. Besides, as functions as promoter to reduce the brittleness of PLA nanocomposites, PEG also is useful to solve the plastic-based disposal problem especially at higher loading. This was proven by all discussed data that collected from water uptake and weight loss in water absorption and also in soil burial analysis. In soil degradation, 10% PEG loading in 2.0% CNTs nanocomposite shows 15.8% weight loss after 6 months' burial and only 12.02% in 5% PEG loading, whereas only 8.50% weight loss for m-CNTs with 10% PEG loading and 7.20% weight loss with 5% PEG loading. The previous literature did not discuss the degradation behavior of PLA nanocomposites at different temperatures and PEG effect on enhancing the degradation ability.
Conclusion
The effects of water absorption, hygrothermal degradation and soil burial analysis on PLA nanocomposites have been completed. The water absorption of PLA nanocomposites increased with the incorporation of CNTs and m-CNTs. This is attributed to the fragmentation and chain scission of polymer initiated by water diffusion under the water absorption environment, especially at higher immersion temperatures owing to the molecular weight reduction. The water uptake of PLA/m-CNT nanocomposites was lower than PLA/CNTs due to surface modification of m-CNTs which could restrict the diffusivity of water. The decreasing rate in weight loss after soil burial analysis for PLA/m-CNTs shows the improvement of surface modification of nanofiller. Instead of improving the nanofiller dispersion in matrix, the addition of PEG enhanced the water absorption and fastened the weight loss in hydrolytic and soil burial degradation.
